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 Abstract 
 Objective:  To investigate whether gastric bypass induces a higher activity of brown adipose 
tissue and greater levels of the brown adipose tissue-specific protein uncoupling protein-1 
(UCP-1) in rats.  Methods:  Gastric bypass rats and sham-operated controls (each n = 8) under-
went whole body  1 H-MR spectroscopy for analysis of body composition and  18 F-fluorodeox-
yglucose positron emission tomography combined with computed tomography ( 18 F-FDG PET/
CT) imaging for measurement of the metabolic activity of brown adipose tissue. Brown adi-
pose tissue was harvested and weighed, and UCP-1 mRNA content was measured by Northern 
Blot technique.  Results:  Gastric bypass rats had a significantly lower percentage of whole 
body adipose tissue mass compared to sham-operated rats (p = 0.001). There was no differ-
ence in brown adipose tissue activity between the two groups (standardised uptake value 
sham 2.81  8 0.58  vs. bypass 2.56  8 0.46 ; p = 0.73). Furthermore, there was no difference in 
the UCP-1 mRNA content of brown adipose tissue between the two groups (sham 49.5  8 13.2 
vs. bypass 43.7  8 13.1; p = 0.77).  Conclusion:  Gastric bypass does not increase the activity of 
brown adipose tissue in rats suggesting that other mechanisms are involved to explain the 
increased energy expenditure after bypass surgery. Our results cannot justify the radiation 
dose of  18 F-FDG PET/CT studies in humans to determine potential changes in brown adipose 
tissue after gastric bypass surgery.  Copyright © 2012 S. Karger GmbH, Freiburg 
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 Introduction  
 The prevalence of obesity has markedly increased world-wide in the last decade and is 
associated with increased morbidity and mortality  [1] . The personal, social and economic 
consequences of this global obesity epidemic are comprehensive  [2, 3] . Obesity surgery is 
currently the most effective therapy for morbid obesity, achieving significant and sustained 
weight loss with a proven mortality benefit  [4, 5] . Increasing numbers of surgical proce-
dures such as the Roux-en-Y gastric bypass (gastric bypass) are being performed world-
wide  [6] , but the mechanisms underlying the superiority in inducing and maintaining body 
weight loss remains a matter of controversy and active investigation. Initially, it was widely 
assumed that weight loss after gastric bypass was simply due to mechanical restriction and 
caloric malabsorption alone  [7] . However, recent studies have indicated that there are more 
complex mechanisms by which gastric bypass decreases caloric intake, such as reduced 
hunger  [8, 9] , increased satiety  [8, 9] , altered taste  [10, 11] as well as reduced preference for 
foods with a high fat and sugar content  [12] . In addition, we and others have investigated 
the changes in energy expenditure following gastric bypass, demonstrating that gastric 
bypass surgery in rats not only prevented the expected decrease in energy expenditure 
subsequent to body weight loss but actually increased energy expenditure  [13, 14], and this 
was not accounted for by increased physical activity  [13] . It was shown that maintenance as 
well as diet-induced thermogenesis was higher after gastric bypass surgery compared to 
body weight-matched controls  [13] . 
 Anecdotally, patients after gastric bypass appear to be more tolerant to exposure to 
cold temperatures than those with gastric banding, and thus the question arises whether 
gastric bypass may enhance cold-induced thermogenesis. Brown adipose tissue is the prin-
ciple thermogenic organ in rodents that mediates both cold-induced and diet-induced ther-
mogenesis  [15] . Traditionally in humans brown adipose tissue was thought only to be 
present in neonates  [16] . However, the presence of functional brown adipose tissue in adult 
humans has recently been demonstrated through the use of positron emission tomography 
combined with computed tomography (PET/CT) and biopsy studies  [17–19] . The important 
role brown adipose tissue plays in promoting a negative energy balance is supported by the 
observation that ablation and expansion of brown adipose tissue in mice results in obesity 
and resistance to diet-induced obesity respectively  [15, 20] . Moreover, brown adipose tissue 
activity is negatively correlated with BMI in humans  [17] .
 Thermogenic activity is dependent on the volume of brown adipose tissue, the uncou-
pling protein-1 (UCP-1) content and the degree of stimulation by the sympathetic nervous 
system  [21] . UCP-1 is a 32-kDa protein located in the inner mitochondrial membrane and is 
expressed uniquely in brown adipose tissue  [22] . UCP-1 is necessary for both diet-induced 
and temperature-induced thermogenesis in mice  [23, 24] and has also been reported to play 
important roles for energy homeostasis in rodents and neonates of larger mammals including 
humans  [22] . 
 The aim of our study was to assess whether gastric bypass in rats would induce a 
higher activity of brown adipose tissue using the PET-sensitive metabolic tracer  18 F-fluo-
rodeoxyglucose ( 18 F-FDG) and also to measure UCP-1 levels from brown adipose tissue 
extracts. Based on the outcome of this study, we would then be in a position to make an 
informed decision as to whether similar human studies would be scientifically and ethi-
cally justified.
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 Material and Methods 
 Animals 
 Obese male Wistar rats were randomised to a gastric bypass operation (n = 8) or sham operation
(n = 8). Rats were individually housed under a 12-hour / 12-hour light-dark cycle and at a room temper-
ature of 21  8 2 ºC. Water and standard chow were available ad libitum. Body weight and food intake were 
measured daily. All experiments were performed under the British Home Office Animals (Scientific Proce-
dures) Act 1986 (PPL 70/6669).
 Surgery 
 Surgery was performed according to an established protocol  [25] . Briefly, the proximal jejunum was 
divided 15 cm distal to the pylorus to create a biliopancreatic limb. After identification of the caecum, the 
ileum was then followed proximally to create a common channel of 25 cm. Here, a 7 mm side-to-side jejuno-
jejunostomy between the biliopancreatic limb and the common channel was performed. The gastric pouch 
and alimentary limb was anastomosed end-to side, and the gastric remnant was closed. Sham operations 
consisted of a 7-mm gastrotomy on the anterior wall of the stomach with subsequent closure and a 7-mm 
jejunotomy with subsequent closure. 
 Body Composition Analysis Using Whole Body  1 H-MR Spectroscopy 
 Whole body  1 H-MR spectroscopy for analysis of body composition was carried out on post-operative 
day 45 as previously described  [26] . Briefly, animals were anaesthetised and scanned on a 4.7T Unity 
Inova MR Scanner (Varian. Inc., Palo Alto, CA, USA). Temperature and respiration was monitored 
throughout the scan using monitoring equipment (SA Instruments, Inc., Stony Brook, NY, USA), and 
animals were maintained at room temperature.  1 H-MR spectroscopy was performed using a single pulse 
sequence with a repetition time (TR) of 10 s, a pulse angle of 45°, four averages and a spectral width of 
20,000 Hz. The spectra were analysed using MestRe-C (Mestrelab Research, Santiago de Compostela, 
Spain). 
 18 F-FDG-PET/CT Imaging 
 Studies were performed on post-operative day 40 with a combined PET/CT preclinical scanner 
(Inveon, Siemens Medical Solutions, Erlangen, Germany). This system has been evaluated and physi-
cally characterised in the literature to produce PET images of high spatial resolution (1.5 mm FWHM 
at the centre)  [27] . The scanner has an axial length of 127 mm and a crystal ring diameter of 161 mm. 
The CT component of the scanner provides anatomical localisation in addition to correction for photon 
attenuation. After an overnight fast, all rats were anaesthetised with a 2–4% isofluorane-oxygen mix 
maintained throughout the scan via a face-mask. Temperature and respiration was measured 
throughout the scan using BioVet software (BioVet Rev 03, m2m Imaging Corp., Cleveland, OH, USA), 
and animals were maintained at room temperature. They received an intravenous tail vein catheteri-
sation followed by i.p. administration of the   -3 adrenergic receptor agonist CL316, 243 (1 mg/kg, 
Sigma Aldrich, Gillingham, UK) half an hour before PET/CT scans. For the scans the Inveon acquisition 
workplace was used which provides a workflow mechanism where acquisitions required can be batched 
in one imaging session with minimal user intervention. A 3 bed-position CT scan was acquired for each 
animal study where the interscapular region was ensured to be in the centre of the imaging field of 
view. CT scanning was performed with a current of 500   A and tube voltage of 80 kVp (kVp = peak kilo-
voltage) using 220 projections and an exposure time of 200 ms. An overlap of 20% was used between 
the sequential CT bed positions. For the PET scan following the CT scan, the animal bed was shifted to 
the PET ring of the machine where injection and data acquisition was accomplished. A 1-hour list mode 
data acquisition was used in all studies simultaneous to the start of tracer injection. A single bolus i.v. 
injection of 30–50 MBq  18 F-FDG was injected via the lateral tail vein. Data was then histogrammed with 
a maximum ring difference of 79 and a span of 3. Image reconstruction was performed using filtered 
back projection and ramp filter at 0.5 Nyquist frequency after Fourier rebinning. The attenuation map 
obtained from the CT scanning was used to correct for photon attenuation with a matrix size of 128  ! 
128 and a pixel size of 0.796 mm. For image display, interpretation and quantitative analysis, the PET 
and CT images were loaded onto the Inveon research workplace, a processing software program 
provided by the system manufacturer  [28] . Because of the inline nature of PET/CT scans acquired on 
this hybrid system, minimal user intervention was needed to co-register the two datasets. The stan-
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dardised uptake value (SUV) was used to quantify the amount of tracer taken up by the region of 
interest corresponding to the interscapular brown adipose tissue. The equation used to calculate the 
SUV is as follows:
 SUV = average signal intensity (Mq/ml) / (injected dose(MBq) / weight of the animal (g).
 Northern Blot Analysis of UCP-1 mRNA Content in Brown Adipose Tissue 
 The brown adipose tissue located in the interscapular region of the gastric bypass- and sham-
operated rats was harvested during necropsy on post-operative day 50, weighed and snap frozen in liquid 
nitrogen. Samples were stored at –80 °  C until subsequent measurement of UCP-1 mRNA content by 
northern Blotting. A cDNA corresponding to nucleotides 368–687 of the mouse UCP-1 (accession# 
BC012701) was generated from total brown adipose tissue RNA by RT-PCR with the specific primers 5  -A
AGGCCAGGCTTCCAGTACTATTAGG-3  (forward) and 5  - GGTTTGATCCCATGCAGATGGCTCTG-3  (reverse). 
Northern blot analysis was performed as described previously  [29] . The filters were exposed to storage 
phosphor screens (GE Healthcare Life Sciences, Little Chalfont, UK) and quantified using a Storm imaging 
system (GE Healthcare Life Sciences). The filter was probed for oligo dT to quantify expression for each 
tissue sample.
 Statistics 
 All data were normally distributed and are expressed as mean  8 SEM. Unpaired Student’s t-test was 
used to test for significant differences. P  ! 0.05 was considered statistically significant.
 Results 
 Body Weight  
 Figure 1 A shows the body weight changes for both groups throughout the observation 
period of 50 days. There was no significant difference in pre-operative body weight between 
the two groups (day 0: sham 376.2  8 7.8 g vs. gastric bypass 399.8  8 12.6 g; p = 0.14). After 
a short period of post-surgical weight loss, sham-operated controls constantly gained weight 
for the rest of the study. In contrast, gastric bypass animals lost 25% of their body weight 
during the first 30 days after surgery and then plateaued to a final body weight of approxi-
mately 300 g. Body weight was significantly lower in gastric bypass rats compared to the 
sham-operated animals up from day 15 after surgery (sham 375.9  8 9.3 g vs. gastric bypass: 
325.3  8 13.7 g; p = 0.009). On post-operative day 50, the difference in body weight was 114 
g between the two groups (day 50: sham 403.8  8 8.9 g vs. gastric bypass 289.0  8 13.3 g; p 
 ! 0.001).
 Spontaneous Food Intake 
 Differences in food intake followed similar patterns as the body weight development. 
 Figure 1 B shows the average daily food intake for both groups throughout the complete 
observation period (day 1 to day 50 after surgery). Average daily food intake was consis-
tently lower after gastric bypass compared to that in sham-operated rats (sham 31.5  8 0.35 
g vs. gastric bypass 19.9  8 0.58 g, p  ! 0.001). 
 Body Composition 
 As shown in  figure 2 A, gastric bypass rats had a significantly lower percentage of whole 
body adiposity as determined by  1 H-MR spectroscopy compared to sham-operated rats 
(sham 11.1  8 1.7% vs. bypass 3.0  8 0.6%; p = 0.001). As shown in  figure 2 B, this equated 
to a significantly lower lean mass of 252.7  8 16.5 g for the bypass rats compared to 346.4 
 8 6.6 g for the sham-operated rats (p  ! 0.001).
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 18 F-FDG-PET/CT Imaging 
 The interscapular brown adipose tissue was easily localised due to the butterfly-shaped 
nature of the organ ( fig. 3 ). Mean intensity of  18 F-FDG uptake was taken, and the SUVs  [30] 
for each animal were calculated as described above.  Figure 4 A shows that sham-operated 
rats had an SUV of 2.81  8 0.58 and gastric bypass rats had an SUV of 2.56  8 0.46, with no 
significant difference between the groups (p = 0.73).  Figure 4 B shows that, by calculating 
SUV according to lean mass, a trend towards an increased uptake of  18 F-FDG in bypass rats 
compared to sham-operated rats is observed (SUV in sham-operated rats 3.89  8 0.86 and 
SUV in gastric bypass rats 4.99  8 0.85); however, this did not attain statistical significance 
(p = 0.39).
 
 Fig. 1. Body weight change (A) and average daily food intake (B) of sham-operated rats (white, n = 8) and 
gastric bypass rats (black, n = 8) throughout the entire observation period of 50 days. Data are shown as 
mean values  8 SEM. 
 
 Fig. 2. Percentage whole body adiposity in sham-operated rats (white) and gastric bypass rats (black) 
using whole body 1H-MR spectroscopy on postoperative day 45. Data are shown as mean  8 SEM.  
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 UCP-1 mRNA Levels 
 The average weight of brown adipose tissue was significantly higher in sham-operated 
rats in comparison to gastric bypass rats (sham 0.46 8 0.02 g vs. bypass 0.36  8 0.02 g; p = 
0.007). However, there was no difference in brown adipose tissue weight relative to the total 
body weight between the two groups (sham 0.13  8 0.01 % vs. bypass 0.12  8 0.01 %; p = 
0.13). Furthermore, there was no difference in the UCP-1 mRNA content of the brown adipose 
tissue between the two groups, neither absolutely ( fig. 5 A, sham 49.5  8 13.2 vs. bypass 43.7 
 8 13.1; p = 0.77) nor in relation to the brown adipose tissue weight ( fig. 5 B, sham 109.5  8 
32.3 per g brown adipose tissue vs. bypass 128.8  8 42.8 per g brown adipose tissue; p = 
0.72). 
 Discussion 
 Since bariatric surgery increases diet-induced thermogenesis in rats  [13] , a phenomenon 
potentially mediated by sympathetic nervous system-induced activation of brown adipose 
tissue  [31] , we conducted PET/CT experiments with the metabolic tracer  18 F-FDG to assess 
whether brown adipose tissue activity is altered after gastric bypass surgery. Our results 
reveal that  18 F-FDG uptake in brown adipose tissue following appropriate stimulation by an 
adrenergic receptor agonist is not increased following gastric bypass surgery. Adrenaline-
induced thermogenesis and glucose uptake in brown adipose tissue is dependent on the 
presence of the mitochondrial protein UCP-1  [32] . We found no difference in UCP-1 mRNA 
expression in brown adipose tissue between gastric bypass rats and sham-operated controls. 
This suggests that mechanisms other than increased activity of brown adipose tissue are 
 Fig. 3. Fused PET-CT images of rats receiving bolus i.v. injections of 200   l 30–50 MBq  18 F-FDG on postop-
erative day 40. Horizontal ( A, C ) and sagittal ( B, D ) images of sham-operated rats ( A, B ) and gastric 
bypass rats ( C, D ) after i.p. administration of 1 mg/kg CL316243 half an hour before PET-CT scans. The 
white dashed circle in each image highlights the interscapular brown adipose tissue (top: caudal, bottom: 
cranial).  
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responsible for the higher levels of energy expenditure that have been observed after gastric 
bypass surgery in rats  [13, 14] . We further confirmed that body weight loss after gastric 
bypass was associated with a higher percentage adipose tissue mass loss compared to lean 
body mass loss  [13] .
 Our findings are in line with previous reports demonstrating an increased oxygen 
consumption following feeding in rats which was not accounted for by increased oxygen 
consumption by interscapular brown adipose tissue  [33] . Therefore, other tissues like 
skeletal muscles or liver being sensitive to adrenergic stimulation may be responsible for 
the diet-induced increase in oxygen uptake or diet-induced thermogenesis  [34] , thus further 
questioning the role of brown adipose tissue in rats  [34] . In contrast, brown adipose tissue 
 
 Fig. 4. Standardized uptake values (SUV) relative to  A  complete body weight and to  B  lean body mass of 
 18 F-FDG uptake in the brown adipose tissue of sham-operated (white) and gastric bypass rats (black). Data 
are shown as mean  8 SEM.  
 
 Fig. 5.  A Absolute UCP-1 mRNA content and  B relative to the brown adipose tissue weight (BAT) of sham-
operated (white) and gastric bypass rats (black). Data are shown as mean  8 SEM.  
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in mice seems to play an important role in diet-induced thermogenesis. Observations that 
strongly support a species difference between rats and mice come from PET/CT experi-
ments that demonstrated a significantly increased uptake of  18 F-FDG in interscapular brown 
fat of fed versus fasted mice  [35] . In line with this, we also failed to find an increased  18 F-FDG 
uptake in brown adipose tissue after consumption of a 5-gram meal following a 12-hour fast 
in gastric bypass rats when compared to sham-operated controls (data not shown). 
Furthermore, knockout of the brown adipose tissue-specific protein UCP-1 in mice results 
in a loss of diet-induced thermogenesis  [24] . 
 We and others have previously demonstrated that gastric bypass rats have a higher 
total energy expenditure when compared to ad libitum fed and body weight-matched sham 
controls  [13, 14] . The increased energy expenditure did not correlate with differences in 
activity and/or body temperature, and other processes such as mal-absorption and inflam-
mation were excluded  [13, 14] . It was shown that the differences were mainly due to changes 
in the maintenance energy expenditure during the light phase when physical activity is typi-
cally low  [13] . As gastric bypass rats showed a greater cumulative increase in total energy 
expenditure after a 5-gram test meal than the control groups, we suggested that diet-
induced thermogenesis may play a role  [13] . Gastric bypass significantly rearranges the 
gastrointestinal anatomy, and alterations in gastrointestinal and central neuroendocrine 
signal circuits may partly be responsible for the increased energy expenditure after gastric 
bypass  [13, 14] .
 In line with previous studies, the present study confirms that gastric bypass surgery is 
an effective means to reduce body weight and maintain body weight loss  [8] . Gut hormones 
may contribute to the reduced daily food intake  [8, 36, 37] . Another potential mechanism is 
an adjusted leptin ‘set point’ where the plasma leptin which is perceived by the hypo-
thalamus as a state of energy insufficiency is reduced  [38] . Thus compensatory mechanisms 
during the weight-reduced state such as increased food intake and/or decreased energy 
expenditure remain absent. Mechanisms which determine the leptin set point are unknown, 
but possible mechanisms include increased leptin receptor expression in the rat hypo-
thalamus after gastric bypass  [39] or a higher affinity of leptin to these receptors  [38] . Alter-
natively, the balance triggering the ‘starvation response’ opposing weight loss triggered by 
lower leptin levels is altered by increased levels of circulating anorexigenic gut hormones 
such as PYY and GLP-1  [8] . 
 Our study was limited to activation of brown adipose tissue by a   -3 adrenergic receptor 
agonist which is a satisfactory means to test for diet-induced thermogenesis  [24] . Stimu-
lation by cold temperatures which engages sensory primary afferent fibres and neurons in 
the anterior hypothalamus to stimulate the sympathetic nervous system  [40] still needs to 
be performed to confirm that temperature-induced thermogenesis does not change post 
bypass surgery in rats. 
 Additionally, diet-induced thermogenesis in rodents has traditionally been tested for 
following consumption of a high-fat diet  [24, 31] . Nevertheless, diet-induced thermogenesis 
is still observed when placing animals on a normal chow diet  [13] . It would be interesting to 
test if placing gastric bypass rats on a high-fat diet would further exacerbate differences in 
diet-induced thermogenesis compared to sham-operated controls and whether this would 
be a brown adipose tissue-mediated phenomenon. 
 In conclusion, gastric bypass does not appear to increase the activity of brown adipose 
tissue in rats. Further studies are required to investigate the physiological mechanisms 
mediating increased energy expenditure after gastric bypass with the ultimate goal to 
develop safer surgical or non-surgical alternatives to treat morbid obesity. Our results 
cannot be used to justify the radiation dose of  18 F-FDG PET/CT studies in humans to 
determine potential changes in brown adipose tissue after gastric bypass surgery. 
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